Abstract: Surface net radiation plays an important role in land-atmosphere interactions. The net radiation can be retrieved from satellite radiative products, yet its accuracy needs comprehensive assessment. This study evaluates monthly surface net radiation generated from the Clouds and the Earth's Radiant Energy System (CERES) and the Surface Radiation Budget project (SRB) products, respectively, with quality-controlled radiation data from 50 meteorological stations in China for the period from . Spatially, the satellite-retrieved monthly mean of surface net radiation has relatively small errors for both CERES and SRB at inland sites in south China. Substantial errors are found at northeastern sites for two datasets, in addition to coastal sites for CERES. Temporally, multi-year averaged monthly mean errors are large at sites in western China in spring and summer, and in northeastern China in spring and winter. The annual mean error fluctuates for SRB, but decreases for CERES between 2000 and 2007. For CERES, 56% of net radiation errors come from net shortwave (NSW) radiation and 44% from net longwave (NLW) radiation. The errors are attributable to environmental parameters including surface albedo, surface water vapor pressure, land surface temperature, normalized difference vegetation index (NDVI) of land surface proxy,
Introduction
Surface net radiation is the net amount of radiative fluxes entering and leaving the Earth's surface. It is composed of four components, including downward shortwave radiation (S↓), upward shortwave radiation (S↑), downward longwave radiation (L↓), and upward longwave radiation (L↑). Net shortwave radiation (NSW) is the difference between S↓ and S↑, whereas net longwave radiation (NLW) is the difference between L↓ and L↑. The net radiation controls sensible and latent heat fluxes, the main energy sources driving atmospheric movement and development of the planetary boundary layer [1, 2] . It plays an important role in land-atmosphere interactions [3] [4] [5] .
Surface net radiation can be directly measured with a pyrradiometer using an empirical relationship between the instrumental electric potentials and the radiation intensity, with an overall accuracy of 95% [6, 7] . Now, worldwide ground-based measurements are readily available. Examples include Global Energy Balance Archive (GEBA) [8] , Baseline Surface Radiation Network (BSRN) [9] , Surface Radiation Budget Network (SURFRAD) [10] , and FLUXNET [11] . The BSRN is estimated to have an overall accuracy of 5 W/m 2 for shortwave and 10 W/m 2 for longwave radiation [12] . The GEBA is reported to have an error within 5% in monthly shortwave radiation [13] . However, surface observations are generally distributed at inhabitable areas, but rarely at rural and oceanic regions [14] . The non-uniform distribution of site observations has impeded its application from global analysis of radiation change.
Alternatively, remote sensing provides an ideal way to obtain global radiation data in view of temporal continuity and spatial homogeneity [15] . Net radiation can be retrieved from the remotely sensed data with a retrieval algorithm, or calculated from its four radiative components with the principle of energy balance. The widely used satellite products of radiation include the Surface Radiation Budget project (SRB) [16] , the Clouds and the Earth's Radiant Energy System (CERES) [17] , and the International Satellite Cloud Climatology Project (ISCCP) [18] . The products have been extensively evaluated with surface observations or inter-compared at a regional or global scale [19] [20] [21] [22] [23] [24] [25] [26] . For example, Hinkelman et al. [21] [23] . Kato et al. [25] claimed that CRERS monthly S↓ (L↓) data compared to ground observations at 24 sites had a bias of −1.70 (−1.00 W/m 2 ) with an RMSE of 7.80 (7.60 W/m 2 ) over the global land area. Koster et al. [26] used ISCCP-FD data to estimate SRB surface NSW radiation, and the uncertainty range is expected to be within ±10 W/m 2 (about 8% of globally averaged surface net radiation). Overall, satellite products prove to have an acceptable accuracy for radiation at global scale, but their accuracies may be regionally different. As a result, regional-scale inter-comparison and site-based validation of satellite radiation data are in urgent need to ensure high-quality retrieval of other parameters, such as evapotranspiration [27, 28] .
This study uses nationwide surface observations of China's meteorological sites to evaluate surface net radiation generated from the SRB and CERES products, respectively, and to identify main error sources in the net radiation for possible improvement. The sites are distributed between 18°N and 54°N, and 76°E and 128°E, with altitude ranges between 2.5 m and 4278.0 m. The observation sites represent a wide range of landscape, climatic, and hydrogeological conditions, and have been used to validate remote sensing radiation products such as insolation [29, 30] and surface shortwave radiation [31] . This paper is organized as follows: Section 2 introduces data for accuracy evaluation and methods for data processing, and Section 3 presents spatial and temporal distribution of errors in surface net radiation, and discusses the main factors contributing to the errors. Section 4 comes to conclusions.
Data and Methods

Ground-Measured Data
A total of 50 Chinese meteorological sites measuring surface radiation are used for data comparison and accuracy assessment (Figure 1 ). Radiation, land surface temperature (LST), surface water vapor pressure (WVP), cloud fraction (CF), and visibility are available from the sites. Acquired from the National Meteorological Information/Centre of Chinese Meteorological Administration, the data span from March 2000 to December 2007. All the data are quality controlled [32] . The sites are classified into two levels (level-1 and level-2). S↓, net radiation, diffuse radiation, direct radiation (vertical and horizontal), and S↑ are available from level-1 sites. S↓ and net radiation are available from level-2 sites. Net radiation (Rn) can be described as follows
In all the sites, automatic thermoelectric pyranometers (DFY-4) are used as a standard instrument for measuring radiative fluxes. All the radiative receivers were calibrated using a multistep method. All the radiometers were calibrated at least once per month at the stations against reference radiometers, and the reference radiometers were calibrated against regional reference radiometers. The regional reference radiometers were calibrated against the Chinese reference radiometers every two years, and the Chinese reference radiometers were calibrated at the World Radiation Center or Asia Regional Radiation Center every five years to ensure the consistency of China national radiation standard with international standard [7] . Shi et al. [33] declared that the measurement error of the pyrradiometer was less than 5%, and 3% for global radiation [30] .
Satellite Data
Surface net radiation data are taken from the GEWEX-SRB products (version 3.0 for shortwave and version 3.1 for longwave) and the CERES EBAF-Surface Product (version 2.7), respectively. The SRB product has a spatial resolution of 1° × 1° and a temporal resolution of 3 h with an uncertainty of 10 W/m 2 for net surface radiation [34] . The CERES product has a similar spatial and temporal resolution. The uncertainties of individual CERES radiation components are all within 20 W/m 2 at monthly gridded scales [24] . The datasets are produced, archived, and made available to the scientific community by the Langley Research Center (LaRC), the Atmospheric Sciences Data Center (ASDC), and the National Aeronautics and Space Administration (NASA) [35] [36] [37] . The SRB radiation product spans from July 1983 to December 2007, while the CERES covers March 2000 to July 2013. The present study uses the monthly net radiation data for March 2000-December 2007, the overlapping time span of SRB and CERES products. The surface albedo is taken from SRB LPSA SW (version 3.0), which was produced by the NASA LaRC ASDC [38] .
The SRB radiation product is generated from the Pinker/Laszlo's shortwave algorithm [39, 40] and the Fu et al. thermal infrared radiative transfer code [41] . The CERES radiation product is produced with the Li et al. shortwave algorithm [42] and the Gupta et al. longwave algorithm [43, 44] . The Li et al. algorithm [42] is a simple parameterization for estimating surface-absorbed flux from satellite-measured reflected flux at the top of the atmosphere (TOA). Li's extensive radiative transfer modeling for clear sky and four different kinds of cloud atmospheric conditions suggests a linear relationship between the TOA-reflected flux and the flux absorbed at the surface for a fixed solar zenith angle (SZA). The linear relationship is independent of cloud-optical thickness and surface albedo, and depends strongly on SZA and moderately on precipitable water and cloud type. The Gupta et al. algorithm [43, 44] is a parameterization of radiative transfer equation for surface longwave radiation. The algorithm requires the atmospheric humidity and temperature profiles as input provided by satellite retrieval products. The Pinker et al. algorithm [39, 40] uses the δ-Eddington approximation to parameterize the optical properties of Rayleigh scattering, water vapor and ozone absorption, aerosol absorption and scattering, and cloud absorption and scattering. Broadband albedo is obtained from lookup table with the knowledge of surface albedo, ozone and water vapor content for estimating radiation. The Fu et al. algorithm [41] uses the δ-two-and four-stream combination approximation to iteratively calculate the diffuse intensity in order to obtain the surface longwave radiation.
Since all the retrieval algorithms require input data for the production, input errors may result in output errors. For example, surface albedo may impose direct impact on NSW [39, 40] and visibility is related to aerosol optical depth, both of which may introduce uncertainty in NSW radiation [45] . Land surface temperature affects air temperature, and both of them control NLW radiation [46] [47] [48] . Cloudiness may have an influence on both NSW and NLW radiation [49] . Water vapor pressure affects S↓ and NLW radiation [50, 51] . In order to identify error sources in the SRB and CERES products, the necessary input data to the retrieval algorithms are also acquired as follows. CERES shortwave algorithm inputs include TOA insolation, TOA upward flux, SZA, and total water vapor amount. CERES longwave algorithm inputs include surface temperature, fractional cloud cover, effective emitting temperature of the atmosphere, cloud-base temperature, water vapor burden below the cloud base, total water vapor amount, and surface emissivity. SRB shortwave algorithm inputs include SZA, ozone amount, surface albedo, aerosol optical depth, water vapor amount, cloud, atmosphere humility profile, and TOA insolation. SRB longwave algorithm inputs include SZA, atmosphere profile (optical depth in normal direction, single-scattering albedo, and air temperature), surface temperature, surface emissivity, and H2O/CO2/O3/CH4/NO2 content [39] [40] [41] [42] [43] [44] .
For SRB product, cloud parameters are available from the ISCCP-DX data products [52] . Temperature and moisture profiles are obtained from the 4-D data assimilation of the Goddard EOS Data Assimilation System level-4 (GEOS-4), available from the Global Modeling and Assimilation Office (GMAO) at the NASA Goddard Space Flight Center (GSFC) [53] . Column ozone data are obtained from the Total Ozone Mapping Spectrometer (TOMS) archive. Surface emissivity is taken from a global map developed at NASA LaRC [54] . For the CERES product, aerosol, cloud, and atmospheric profile information are acquired from the Moderate Resolution Imaging Spectroradiometer (MODIS)/the Model of Atmospheric Transport and Chemistry (MATCH), MODIS/GEOS-4, and GEOS-4, respectively. Solar insolation and TOA broadband fluxes are available from the Solar Radiation & Climate Experiment (SORCE) Total Irradiance Monitor (TIM) [55] .
In addition, 1-km monthly SPOT Normalized Difference Vegetation Index (NDVI) data were obtained from the Cold and Arid Regions Sciences Data Center of Chinese Academy of Sciences. NDVI has been used as a proxy of the nature of underlying surface. It has a high linear correlation with surface emissivity, which determines NLW [56] .
Metrics for Accuracy Assessment
Mean error (ME) and RMSE are used to quantify errors in surface net radiation generated from the CERES and SRB products. ME quantifies the average absolute difference between pixel values (pi) and surface observations (si), where i=1, …, n and n is the number of pair data for comparison. RMSE is the standard deviation of the pixel values around surface observations, quantifying the uncertainty of satellite retrievals [57] . It represents a combination of standard deviation and bias. Basically, the RMSE represents the sample standard deviation of the differences between pixel values and observed values. Their definitions are described as follows:
In addition, linear regression approach is used. Correlation coefficient (R 2 ), slope, and intercept of the linear fit between the SRB, the CERES, and the surface observations are subsequently obtained. The regression analysis is used in combination with a statistical test to determine whether the slope of the fitted trend is significant (95%). Similar linear fitting and significance testing are performed between radiation errors and potential influencing factors.
Result and Discussions
With regard to spatial representativeness of point measurements for radiation validation, the coarse resolution of CERES and SRB do likely contribute to the errors of satellite retrieval products. Hakuba et al. [58] proved that the radiation within 1° × 1° deviated by only several percent (2% or 3%) from site-centered measurements. However, in mountainous regions as well as many coastlines, higher errors may occur. Kato et al. [24] also pointed out that the difference of monthly mean S↓ and L↓ observed at mountain and coastal sites can be greater than, respectively, 20 W/m 2 and 40 W/m 2 compared to the monthly gridded values where the surface site is located. Overall, the uncertainty is within the accuracy limit of pyrradiometer measurements (less than 5% for monthly value) at the inland sites in China [33] . Figure 2 compares the monthly surface net radiation generated from the CERES and SRB products with surface observation. The CERES and the SRB radiation are in agreement with surface observation by a correlation coefficient of 0.77 and 0.71 (at 95% confidence level), respectively. The regression line between the CERES (SRB) and observed radiation shows a slight deviation from the 1:1 line, with Figure 3 shows the spatial distribution of absolute errors in CERES and SRB and their relative difference. It is clear that satellite data are generally higher than surface observation for most sites. There is one exception for CERES and three for SRB. Furthermore, the CERES data have relatively high correlation coefficients, ME, and RMSE values with surface observation, compared to the SRB data. A total of 20 sites have a correlation coefficient higher than 0.9 for the CERES data, whereas only five for SRB (Figure 4 ). The sites with a correlation coefficient of less than 0.8 between CERES and SRB data are located at the west of 110° E. The ME values between the CERES and surface observation range from −4. Specifically, the errors are quite small for inland sites in southeast China, approximately 30.0% (40.1%) lower than the overall errors of all sites for CERES (SRB). The CERES data have a relatively low accuracy for the sites in northwest China and the coastal sites in south China, whereas the SRB data have a low accuracy for the sites in northeast China. In northeast China, the errors are lower for CERES than for SRB, and the situation is opposite in other regions. For example, the errors are 26.4% higher for SRB than for CERES in northeast China, but 78.4% lower in other regions. Figure 5 shows multi-year monthly mean of errors in surface net radiation at 50 sites. The errors have similar intra-annual variation patterns between the CERES and the SRB for most sites. Specifically, there are small variations in errors at the southeast sites throughout the year. In spring and summer, the errors appear large in west China, and may exceed 60 W/m The errors differ between the CERES and the SRB data ( Figure 6 ). In general, the errors are larger for CERES than for SRB at most sites. The largest difference appears in summer and the least one in winter, except for northeast China. In contrast, the errors are generally lower for CERES than for SRB in winter and spring in northeast China. Their absolute differences are often larger in winter than in summer. Figure 5 . Spatial distribution of multi-year averaged errors in monthly surface net radiation generated from the CERES and SRB products. 
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Error Sources in Surface Net Radiation
Surface net radiation is a combined result of NSW and NLW radiation. Errors in surface net radiation come from errors in the components. With the observation data of the radiation components at 11 level-1 sites, the errors in NSW and NLW and their contributions to net radiation can be identified. The overall errors are 27.5 W/m 2 for CERES and 20.3 W/m 2 for SRB at the sites (Table 1) . Generally, for CERES, the NSW errors account for 56% of errors in net radiation, whereas the NLW errors account for 44%. For SRB, the NSW errors account for 65% and the NLW errors account for 35%. Specifically, the NLW errors contribute to >90% of errors in CERES net radiation at the Urumchi site, and the NSW errors contribute to >90% at the Zhengzhou site. For SRB, the NSW errors are dominant (>90%) at the Guangzhou and the Shanghai sites. Among 11 sites, the NSW errors contribute more at seven sites for CERES, and eight sites for SRB. This demonstrates that the NSW errors are the primary source of surface net radiation for both CERES and SRB. The mean NSW errors are 13. Errors in NSW and NLW are attributable to a number of influencing factors. Given an uncertainty of 0.035% in total solar irradiance measurement calibration [60] and an uncertainty of less than 1.5% in CERES calibration [61] , they are neglected in the present study. Other factors include WVP, LST, surface albedo, NDVI, CF, and visibility. Figure 9 shows the correlation coefficients between the environmental parameters and error of radiation components. Each gray-scale grid represents R Overall, the errors in net radiation are attributable to all parameters for CERES. CF is not the major contributor in north China. For SRB, according to R 2 , the contributors in north China are (in decreasing order of importance) WVP, surface albedo, LST, NDVI, and visibility. In south China, the largest contributor is WVP, followed by LST, visibility, and surface albedo. These results are similar to existing studies about uncertainty in surface net radiation. Kato et al. [62] report that the uncertainties in the CERES surface radiation data are dominated by uncertainties in surface temperature and precipitable water, in addition to cloud property and surface albedo [24, 25] . For SRB, Zhang et al. [47, 48] show that near-surface atmospheric properties, surface air temperature, column precipitable water, albedo, surface emissivity, and surface temperature are the uncertainty sources of surface net radiation.
There are several implications of the present findings. First, the SRB data are preferable for use in China's regions, and the CERES data are applicable in northwest China as supplementary, especially in summer and winter seasons. Second, as the major error source, improvement of NSW should be a focus of retrieval correction for improving the data quality of surface net radiation. Third, both CERES and SRB errors are significantly dependent on input parameters, and future efforts should be made to reduce the input errors for more reliable retrieval. For CERES, cloud property, atmosphere profile, and surface temperature are the most important factors. For SRB, surface temperature and atmosphere profile are of central concern. 
Conclusions
This study evaluates the accuracy of surface net radiation generated from the CERES and SRB datasets, respectively, for the period from March 2000 to December 2007 across China. The net radiation is generally larger than surface observation with a mean bias of 26 for SRB. Spatially, the satellite-retrieved monthly surface net radiation has relatively small errors for both CERES and SRB at inland sites in south China. Substantial errors are found at northeast sites for the two datasets, in addition to coastal sites for CERES. Temporally, the multi-year averaged monthly mean errors are large at sites in west China for spring and summer seasons, and in northeast China for spring and winter seasons. The annual mean errors fluctuate for SRB, but decrease for CERES between 2000 and 2007. About 56% of net radiation errors come from NSW and 44% from NLW radiation for CERES. For SRB, 65% of the errors may come from NSW and 35% from NLW radiation.
The errors in surface net radiation are attributable to environmental parameters including WVP, visibility, LST, NDVI, and surface albedo for CERES. For SRB, the major influences (in order of decreasing importance) are WVP, surface albedo, LST, NDVI, and visibility. In general, our findings offer an insight into error patterns in satellite-retrieved surface net radiation and should be valuable in reducing the identified influencing factors for improving retrieval accuracy of surface net radiation.
